Salmonella enterica serovar Typhimurium (S. Typhimurium) is an important food-borne zoonotic pathogen that causes increased morbidity and mortality worldwide. The autotransporter (AT) proteins are a large and diverse family of extracellular proteins, many of which contribute to the pathogenicity of Gram-negative bacteria. The S. Typhimurium AT protein MisL mediates intestinal colonization in mice. Bioinformatics analyses indicated that MisL clusters with ATs are involved in bacterial biofilm formation, aggregation and adherence. In this study, we found that the misL overexpression increased S. Typhimurium biofilm formation. In addition, the misL deletion reduced bacterial adherence and invasion abilities on HeLa cells, but did not affect the bacterial virulence. Similarly, MisL expression in Escherichia coli strain promoted bacterial biofilm formation as well as adhesion and invasion capacities. However, the misL overexpression had no influence on the bacterial aggregation except for AAEC189 flu, a strain lacking type I fimbriae. Moreover, we demonstrated that immunization with recombinant MisL protein stimulated the production of high IgG antibody titers, which conferred modest protection against S. Typhimurium infection. This study illustrates the novel biological functions and immunoprotective effects of MisL in S. Typhimurium.
INTRODUCTION
The type V secretion system, possibly the simplest bacterial secretion system, mediates bacterial translocation and contributes to virulence (Saier 2006) . Type V secretion systems are currently classified into five different subtypes, including subtypes Va (classical autotransporter [AT] ), Vb (two partner secretion pathway), Vc (trimeric AT adhesin), Vd (patatin-like proteins) and Ve (inverse AT) (Fan et al. 2016) . AT proteins are representatives of type V secretion systems that are widely distributed in Gram-negative bacteria (Grijpstra et al. 2013) . All members of the AT family contain three functional motifs: a N-terminal secretion signal peptide that allows the protein to be exported into the periplasm, an internal passenger domain that is transported on the bacterial surface and a C-terminal translocation domain that mediates the translocation of the passenger domain through the outer membrane (Sanders et al. 2004; Yen and Stathopoulos 2007) . Conventional ATs (subtype Va) harbour a long translocator domain (approximately 300 amino acids), whereas trimeric AT adhesins (subtype Vc) harbour a short translocator domain (70 to 100 amino acids) and form highly stable trimers in the outer membrane (Lyskowski, Leo and Goldman 2011) . A number of ATs have been identified and shown to perform various functions, including adhesion, invasion, aggregation, biofilm formation, serum resistance and toxicity, via their surface-exposed passenger domains (Henderson and Nataro 2001; Girard and Mourez 2006; Lyskowski, Leo and Goldman 2011) .
Salmonella enterica serovar Typhimurium (S. Typhimurium) is an important zoonotic pathogen that causes human gastroenteritis and invasive disease. Moreover, it is a leading etiological agent associated with food-borne illness outbreaks worldwide (Pang et al. 1995) . Three AT proteins, ShdA, MisL and SadA, have been found to play roles in S. Typhimurium infection. ShdA binding with fibronectin and collagen I is required for intestinal colonization and fecal shedding in mice (Kingsley et al. 2000; Kingsley et al. 2002) . The trimeric AT adhesin SadA promotes cell aggregation, biofilm formation and adhesion to intestinal epithelial cells and provides limited protection against S. Typhimurium challenge (Raghunathan et al. 2011) . MisL is encoded within Salmonella pathogenicity island 3, and binding of MisL to fibronectin results in adherence to fibronectin-coated glass slides and enhanced invasion of epithelial cells. However, although MisL mediates intestinal colonization, it does not affect lethality in mice (Blanc-Potard et al. 1999; Dorsey et al. 2005) . Sequence and phylogenetic analyses indicated that MisL belongs to the AIDA type AT superfamily, which is involved in adherence, cell aggregation and biofilm formation (Sherlock et al. 2004; Charbonneau, Janvore and Mourez 2009; Wang et al. 2011a) . In the present study, we investigated the novel biological functions and immunoprotective effects of MisL in S. Typhimurium. We discovered the functions of MisL on the bacterial biofilm formation, adherence, invasion and aggregation. Furthermore, vaccination with recombinant MisL protein stimulated the production of high IgG antibody titers, which conferred modest protection against S. Typhimurium infection.
MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions
The bacterial strains, plasmids and primers used in this study are described in Table 1 . S. Typhimurium isolate SAT52, which harbours virulence genes and is highly lethal to mice, was used for functional analyses. S. Typhimurium and E. coli strains were grown in Luria-Bertani (LB) media at 37
• C with aeration. When necessary, the following antibiotics were added: ampicillin (100 μg/mL), kanamycin (50 μg/mL), or chloramphenicol (30 μg/mL).
Construction of misL mutant and complementation strains
The misL gene deletion mutant was constructed using the lambda Red recombinase system (Datsenko and Wanner 2000) . For complementation, the open reading frame and the putative promoter of the misL gene were subcloned into the pUC18 plasmid. The resulting plasmid pmisL and the control vector pUC18 were then transformed into the mutant and E. coli strains, respectively. The obtained mutant and complementation strains were confirmed using PCR and sequencing.
Growth kinetics and motility assays
To determine the effect of MisL on the growth rate and motility of S. Typhimurium, growth kinetics and motility halo diameters were measured as described previously (Wang et al. 2016) .
Biofilm formation assays
Biofilm formation of S. Typhimurium and E. coli strains were assessed as described previously with some modifications (Wang et al. 2011b (Wang et al. , 2014b . Briefly, S. Typhimurium and E. coli cultures were diluted 100-fold in Tryptic Soy Broth (TSB) or LB supplemented with 5 g/L glucose, respectively. Aliquots of 200 μL of each strain were dispensed and cultured without shaking at 37
• C for 24 h. After washing, the biofilms in the microplates were stained with 200 μL 1% crystal violet (W/V) for 1 h, followed by rinsing four times to remove unbound crystal violet dye. The plates were air-dried and solubilized with 95% ethanol, and the absorbance was measured at 595 nm. All tests were performed in triplicate.
Aggregation assays
Aggregation was assessed as described previously (Wang et al. 2011a) . Briefly, bacterial cultures were grown to an optical density at 600 nm ≈ 1.0 and the rate of settling was determined as the mean optical density at 600 nm decreased over time.
Bacterial adherence and invasion assays
Bacterial adherence and invasion assays were performed as described previously (Wang et al. 2011a (Wang et al. , 2014a (Wang et al. , 2016 . Human HeLa and Caco-2 epithelial cells were incubated with bacteria at a multiplicity of infection of 100. Bacterial adherence to and invasion of cells were measured as described previously (Wang et al. 2011a (Wang et al. , 2014a (Wang et al. , 2016 . 
Ethical approval
Determination of lethal bacterial dose
The mortality of BALB/c mice infected intraperitoneally with S. Typhimurium was determined. Infected mice were monitored daily for signs of illness and mortality for 10 days post-infection. For determination of bacterial loads, mice were inoculated intraperitoneally with 1 × 10 5 colony-forming units (CFUs) of bacteria, and bacteria recovered from the spleen were enumerated as described previously (Wang et al. 2011a (Wang et al. , 2014a (Wang et al. , 2016 . 
Assessment of the protective effect of immunization with MisL protein
The open reading frame of misL was amplified and cloned into pET28a, yielding the plasmid pET28a-misL. The MisL protein was expressed in E. coli BL21(DE3) cells by induction with isopropyl-β-D-thiogalactopyranoside (IPTG) at a final concentration of 1 mM. The fusion protein MisL-His was purified using a HisTrap HP column (GE Healthcare, Shanghai, China) and dialyzed in dialysis buffer (50 mM sodium phosphate, pH 7.4-7.6) overnight at 4 • C. Mice were immunized subcutaneously with 50 μg purified MisL protein mixed with an equal volume of Montanide ISA 206 adjuvant (SEPPIC, Lyon, France). Mice immunized with PBS were used as controls. Two booster immunizations were given at two-week intervals. Ten days after the second immunization, mice were challenged intraperitoneally with strain SAT52 at a dose of 1 × 10 5 CFUs. Two days post-infection, mice were euthanized and bacteria in the spleen were enumerated. Serum samples were collected prior to challenge and IgG antibody titers against MisL were measured using an indirect enzyme-linked immunosorbent assay as described previously (Wang et al. 2014a; Zhu-Ge et al. 2015) .
Statistical analyses
Statistical analyses were conducted using the GraphPad Software package (GraphPad Software, La Jolla, CA, USA). Student's t-tests were carried out for the analysis of aggregation data. One-way analysis of variance (ANOVA) was used for analysis of biofilm formation, adhesion and invasion assay data. Data on bacterial loads were analyzed using nonparametric MannWhitney U-tests. Statistical significance was established at P < 0.05.
RESULTS
Deletion of MisL has no effect on the growth or motility of S. Typhimurium
Sequence and phylogenetic analyses indicated that MisL was clustered within a group with the ATs EhaA, AIDA, AatA, IcsA and ShdA (Fig. S1 ), which are known to mediate adherence, biofilm formation and aggregation (Sherlock et al. 2004; Charbonneau, Janvore and Mourez 2009; Wang et al. 2011a) . Thus, the misL gene mutant and complementation strains were constructed and characterized. No significant difference was observed in the growth rate or motility halo diameter of S. Typhimurium wildtype, mutant and complementation strains (data not shown), suggesting that MisL does not affect the growth or motility of S. Typhimurium.
Expression of MisL contributes to biofilm formation
Although a previous study showed that the ability of misL gene mutant strain to form biofilms was significantly impaired (Kroupitski et al. 2013 ), we did not observe a significant decrease in biofilm formation by the S. Typhimurium mutant strain SAT52 misL compared to the wild-type strain. In contrast, biofilm formation capacity increased in the complementation strain via MisL overexpression in the mutant strain (P < 0.01). Moreover, MisL overexpression led to significantly increased (P < 0.001) biofilm formation in E. coli strains MG1655 and AAEC189 (Fig. 1) . These results indicate that MisL promotes biofilm formation.
MisL mediates bacterial aggregation and settling
Since most ATs that contribute to biofilm formation induce cell aggregation (Hasman, Chakraborty and Klemm 1999; Kjaergaard et al. 2000; Sherlock et al. 2004; Sherlock, Vejborg and Klemm 2005) , we examined the aggregation and settling profiles of S. Typhimurium wild-type, and mutant strains. No significant difference in aggregation was observed among these strains. In addition, expressing the misL gene in E. coli MG1655 flu did not promote the bacterial aggregation and settling. In contrast, MisL overexpression resulted in the aggregation and settling of E. coli AAEC189 flu (Fig. 2) , suggesting that MisL can induce cell aggregation and settling in bacteria lacking fimbriae. Typhimurium and E. coli strains was determined at a 30-min interval. Statistical significance analysis was performed using Student's t test ( * * P < 0.01).
MisL facilitates bacterial adherence and invasion to epithelial cells
A previous study indicated that binding of MisL to fibronectin resulted in adherence to fibronectin-coated glass slides and enhanced invasion of epithelial cells (Dorsey et al. 2005) . Thus, adhesion and invasion of S. Typhimurium strains to HeLa and Caco-2 epithelial cells were assessed. The mutant strain SAT52 misL showed significantly reduced adhesion and invasion capacities to HeLa cells compared to the wild-type and complementation strains (P < 0.05). Deletion of misL led to significant The values represent the average data of three independent experiments. One-way ANOVA was performed for the statistical significance analysis ( * P < 0.05; * * P < 0.01; * * * P < 0.001).
impairments in adherence to Caco-2 cells (P < 0.05) but did not affect invasion capacity. Moreover, MisL expression in the E. coli strain MG1655 significantly increased adherence and invasion to epithelial cells (P < 0.01 and P < 0.001, respectively) (Fig. 3) . These results indicate that MisL promotes adherence to and invasion of epithelial cells by S. Typhimurium.
MisL is not required for S. Typhimurium systemic infection
It has been shown that MisL contributes to intestinal colonization in mice, but it is not required for lethality during oral infection (Dorsey et al. 2005) . We next determined the role of MisL in the pathogenicity of S. Typhimurium during systemic infection. The mutant strain did not exhibit attenuated virulence compared to the wild-type or complementation strains (Table 2) . Although the number of mutant bacteria recovered from the spleen was lower than the number of wild-type bacteria, the difference was not statistically significant (P > 0.05) (Fig. S2) . These data suggest that MisL is not essential for the development of S. Typhimurium systemic infection in mice.
MisL provides protection against S. Typhimurium infection
The MisL protein was expressed and purified ( Fig. 4A) , and the protective efficacy of MisL immunization was evaluated. IgG levels were significantly higher in mice vaccinated with MisL compared with the control group, indicating that MisL protein can stimulate antigen-specific humoral responses in mice (Fig. 4B) . After intraperitoneal challenge with S. Typhimurium SAT52, mice immunized with MisL protein had significantly lower bacterial loads in their spleens (P < 0.01) (Fig. 4C) . Taken together, these results suggest that MisL can elicit a humoral immune response and provide protection against S. Typhimurium infection.
DISCUSSION
Pathogenic bacteria use adhesins to adhere to a diverse range of surfaces, including host cells and abiotic elements, a process that is crucial to bacterial colonization, survival and persistence (Kline et al. 2009; Proft and Baker 2009) . The roles of fimbriae adhesins have been well characterized in S. Typhimurium. Nonfimbrial AT adhesins are also involved in the process of colonization and infection (Henderson and Nataro 2001; Girard and Mourez 2006; Kline et al. 2009 ). In S. Typhimurium, the AT proteins MisL, ShdA and SadA contribute to intestinal colonization and persistence (Kingsley et al. 2000; Kingsley et al. 2002; Dorsey et al. 2005; Raghunathan et al. 2011) . Sequence analysis indicated that MisL shares homology with the passenger domains of the ATs AIDA, EhaA, AatA and IcsA, which contribute to adherence, aggregation and biofilm formation (Sherlock et al. 2004 ; Charbonneau, Janvore and Mourez 2009). Thus, we further characterized the function of MisL and showed that it mediates biofilm formation, aggregation and adhesion to epithelial cells. MisL inactivation did not affect S. Typhimurium systemic infection, but MisL did elicit a humoral immune response and conferred modest protection against S. Typhimurium infection. Pathogens can precisely upregulate the expression of virulence genes during infection to facilitate their survival and pathogenicity (Pfeifer et al. 1999; Thomas and Wigneshweraraj 2014) . Although MisL expression is not detected under laboratory conditions, it is enhanced during S. Typhimurium infection (Dorsey et al. 2005) , indicating that MisL is involved in S. Typhimurium pathogenesis. Furthermore, it has been shown that MisL overexpression promotes adhesion to and invasion of intestinal epithelial cells by binding to fibronectin (Dorsey et al. 2005) . The current study indicated that MisL deletion reduces bacterial adhesion to and invasion of epithelial cells. In addition, MisL mediated adhesion and invasion to epithelial cells with expression in E. coli. Colonization and invasion are the primary forms of interaction between the pathogen with its host cells and are vital for the initiation of infection. Previously, the misL gene mutant was shown to exhibit reduced intestinal colonization in orally infected mice (Dorsey et al. 2005) . The current study indicated no significant difference in the virulence between S. Typhimurium wild-type and misL mutant strains, which is consistent with the previous report (Dorsey et al. 2005) . Because multiple virulence factors are implicated in the process of infection, any one might compensate for the loss of function of another gene. The ATs MisL, ShdA and SadA have similar effects on S. Typhimurium pathogenicity and each may compensate for deletion of another. Thus, deleting one of these ATs may not severely attenuate the virulence of S. Typhimurium. Our previous study also indicated that avian pathogenic E. coli ATs AatA, AatB and UpaB might compensate for the influence of single gene deletions, whereas triple deletion of these ATs cumulatively attenuated virulence (Zhu-Ge et al. 2015) . Biofilm formation and aggregation have been shown to be involved in bacterial survival and persistence, which enhance the ability of a pathogen to cause disease (Costerton, Stewart and Greenberg 1999; Schembri, Kjaergaard and Klemm 2003) . We detected the bacterial biofilm formation and cell aggregation in the present study, but no difference was observed between the S. Typhimurium wild-type and mutant strains. A previous study indicated that MisL is not expressed in LB media under laboratory conditions (Dorsey et al. 2005) , which may explain this observation. In contrast, MisL overexpression promoted the aggregation of E. coli strain lacking type I fimbriae. Similarly, previous studies have demonstrated that type I fimbriae can prevent cell aggregation mediated by the ATs Ag43, EhaA, AIDA and AatA (Hasman, Chakraborty and Klemm 1999; Sherlock et al. 2004; Wells et al. 2008; Wang et al. 2011a) . Indeed, in vitro assays have demonstrated that the function of ATs can be physically blocked by larger surface structures, including fimbriae, flagella, capsules and lipopolysaccharide (Hasman, Chakraborty and Klemm 1999; Schembri, Dalsgaard and Klemm 2004; Sherlock et al. 2004; Raghunathan et al. 2011; Wang et al. 2011a) . For example, the O antigen can block SadA-induced cell aggregation and biofilm formation in S. Typhimurium (Raghunathan et al. 2011) . Our current results and a previous study showed that MisL expression leads to increased biofilm formation by S. Typhimurium and E. coli strains (Kroupitski et al. 2013) . Although type I fimbriae can block the cell aggregation function of MisL, it does not affect biofilm formation or adhesion. Bacteria can precisely coordinate the expression and function of various virulence factors, and type I fimbriae and MisL might play roles at different steps during the process of biofilm formation and infection. For example, MisL may play a role when the expression of type I fimbriae is decreased. Taken together, our results show that induced MisL expression is associated with biofilm formation and cell aggregation, which might facilitate bacterial survival and persistence in the host.
The role of adhesins, including ATs, in localization to the bacterial surface and in colonization make them potential candidates for vaccine development (Wells et al. 2007) . A number of ATs, such as pertactin from Bordetella pertussis and Hap from Haemophilus influenzae, have been used as essential components of vaccines (Cherry et al. 1998; Cutter et al. 2002) . Furthermore, antibodies against ATs can significantly inhibit the adherence of pathogenic bacteria (Wang et al. 2011a; Zhu-Ge et al. 2015) . Thus, inhibition of initial bacterial colonization might be an effective strategy to prevent bacterial infections. In this study, the MisL protein was expressed and purified and no E. coli lipopolysaccharide contamination was found (data not shown). Vaccination with MisL stimulated the production of high IgG antibody titers in mice and conferred modest protection against S. Typhimurium infection. Other studies have indicated that vaccination with a single antigen provides only limited protection due to the complex process of infection (Raghunathan et al. 2011; Zhu-Ge et al. 2015) . Moreover, our previous study showed that a multivalent AT vaccine was effective against avian pathogenic E. coli infection (Zhu-Ge et al. 2015) . Because the antigenicity and biological functions of ATs include the ability to translocate passenger peptides or proteins, they are especially attractive candidates for the surface display of foreign passenger peptides and the development of bacterial vector vaccines. It has been shown that AIDA and Neisseria IgA protease can translocate different active foreign passenger peptides (Rutherford and Mourez 2006) . Moreover, MisL has been used to efficiently display foreign immunogenic epitopes on the surfaces of S. Typhimurium and S. Typhi that stimulate specific antibody responses in mice. Furthermore, these antibodies are able to recognize and interact with Plasmodium falciparum native antigen (Ruiz-Perez et al. 2002) . Thus, MisL could be a novel vaccine candidate for the prevention of infections caused by Gram-negative pathogens.
In conclusion, this study showed that MisL inactivation resulted in reduced adherence and invasion to epithelial cells but did not affect virulence during systemic infection. Moreover, MisL expression enhanced bacterial biofilm formation, aggregation, as well as adhesion and invasion abilities. In addition, we demonstrated that the recombinant MisL protein stimulated high level IgG antibody titers, which conferred modest protection against S. Typhimurium infection.
